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(57) ABSTRACT

In a method of manufacturing a semiconductor device
having a nonvolatile semiconductor memory element with a
two-layered gate structure in which a floating gate and
control gate are stacked, a polysilicon layer serving as the
floating gate 1s stacked on a silicon substrate via a tunnel
insulating film. Then, the silicon layer, tunnel insulating
f1lm, and substrate are selectively etched to form an element
isolation trench. A nitride film 1s formed on the sidewall
surface of the silicon layer exposed into the element 1sola-
tion trench. An oxide film 1s buried in the element i1solation
trench. A conductive film serving as the control gate 1s
stacked on the oxide film and silicon layer via an electrode
insulating film. The conductive film, electrode insulating
film, and silicon layer are selectively etched to form the
control gate and floating gate.

14 Claims, 10 Drawing Sheets
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METHOD OF MANUFACTURING A
NONVOLATILE SEMICONDUCTOR
MEMORY DEVICE

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application 1s based upon and claims the benefit of
priority from the prior Japanese Patent Application No.

2002-347792, filed Nov. 29, 2002, the entire contents of
which are incorporated herein by reference.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a semiconductor device
having a nonvolatile semiconductor memory element and a
method of manufacturing the same and, more particularly, to
a semiconductor device which improves the floating gate
clectrode structure of a nonvolatile semiconductor memory
clement and a method of manufacturing the same.

2. Description of the Related Art

A nonvolatile semiconductor memory element having a
two-layered gate structure 1s formed by stacking a floating,
gate electrode and control gate electrode on a semiconductor
substrate. Of the two gate electrodes, the floating gate
clectrode 1s used as a charge storage layer. The tloating gate
clectrode 1s generally made of polysilicon.

However, the nonvolatile semiconductor memory element
of this type has the following problem. The shape of finished
polysilicon crystal grain of a floating gate electrode changes
between memory elements even when they are arrayed on a
single chip. When the shape of finished polysilicon crystal
grain changes between memory elements, the memory char-
acteristic such as the threshold value after write/erase opera-
tion varies between elements.

This problem will be described 1n detail. In manufacturing
a nonvolatile semiconductor memory eclement having a
two-layered gate structure, polysilicon for a prospective
charge storage layer 1s deposited by CVD and then pro-
cessed 1nto an electrode pattern by RIE. At this time, the
polysilicon pattern 1s rectangular. However, the silicon crys-
tal grain grows in a high-temperature process such as
thermal oxidation for forming an electrode sidewall oxide
film. For this reason, the floating gate electrode has a final
finished shape different from the rectangular shape 1imme-
diately after the process. In addition, the finished shape
changes between elements.

When the final finished shape of the floating gate elec-
trode varies between elements, the electric capacitance
between the floating gate electrode and the silicon substrate
or that between the floating gate electrode and the control
gate electrode varies between the elements. For this reason,
the memory characteristic such as the threshold value after
write/erase operation varies between the elements. The
necessity of an excess operation time margin impedes high-
speed operation. Additionally, the wide threshold value
distribution hinders realizing a multilevel memory. If the
variation 1n shape 1s large, the memory device causes
operation errors.

Even when the silicon layer serving as the floating gate
clectrode 1s formed not 1n a polycrystalline state but 1n an
amorphous state, the above problem 1s hard to solve. This 1s
because the silicon layer always changes to a polycrystal in
the subsequent high-temperature process.

As a prior art related to the present invention, a semicon-
ductor device using a floating gate electrode including a
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layer doped with nitrogen has been proposed (Jpn. Pat.
Appln. KOKATI Publication No. 9-64209). Also, a method of
forming a silicon oxide film on the sidewall of a floating gate
clectrode by using radical oxygen has been proposed (Jpn.
Pat. Appln. KOKATI Publication No. 2001-15733). A trench
isolation technique using silazane polymer has also been
proposed (Japanese Patent No. 3178412) (Jpn. Pat. Appln.
KOKATI Publication No. 2001-319927). However, 1n any of
the above prior arts, 1t 1s diflicult to eliminate the variation
in {inished shape of the floating gate electrode formed from
polysilicon.

BRIEF SUMMARY OF TH.

INVENTION

(L]

According to an aspect of the present invention, there 1s
provided a semiconductor device having a nonvolatile semi-
conductor memory element with a two-layered gate struc-
ture, comprising: a floating gate electrode which 1s made of
polysilicon and formed on a semiconductor substrate via a
tunnel insulating film; a control gate electrode which 1s
formed on the floating gate electrode via an electrode
insulating film; and a nitride film which 1s formed on at least
part of a sidewall surface of the floating gate electrode.

According to another aspect of the present invention,
there 1s provided a semiconductor device having a nonvola-
tile semiconductor memory element with a two-layered gate
structure, comprising: an element 1solation region which 1s
formed on one major surface side of a semiconductor
substrate to surround an element formation region 1mn which
the nonvolatile semiconductor memory element 1s to be
formed; a floating gate electrode which 1s made of polysili-
con and formed 1n part of the element formation region via
a tunnel insulating film and has two sidewalls along a
direction of channel length and two sidewalls along a
direction of channel width; a control gate electrode which 1s
formed on the floating gate electrode via an electrode
insulating film; a mitride film which 1s formed at least on the
two sidewalls along the direction of channel length of the
four sidewalls of the floating gate electrode; and an element
isolation insulating film which 1s buried in the element
1solation region.

According to still another aspect of the present invention,
there 1s provided a method of manufacturing a semiconduc-
tor device having a nonvolatile semi-conductor memory
clement with a two-layered gate structure, comprising:
forming a floating gate electrode made of one of polysilicon
and amorphous silicon on one major surface of a semicon-
ductor substrate; and forming a nitride film on at least part
of a sidewall surface of the floating gate electrode.

According to still another aspect of the present invention,
there 1s provided a method of manufacturing a semiconduc-
tor device having a nonvolatile semiconductor memory
clement with a two-layered gate structure, comprising:
forming a floating gate electrode made of one of polysilicon
and amorphous silicon 1n part of an element formation
region on one major surface side of a semiconductor sub-
strate via a tunnel msulating film; forming a nitride film at
least on sidewalls along a direction of channel length of the
two sidewalls along the direction of channel length and two
sidewalls along a direction of channel width of the floating
gate electrode; and forming a control gate electrode on the
floating gate electrode via an electrode msulating film.

According to still another aspect of the present invention,
there 1s provided a method of manufacturing a semiconduc-
tor device having a nonvolatile semi-conductor memory
clement with a two-layered gate structure, comprising:
stacking a tunnel 1nsulating film and one of a polysilicon
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layer and an amorphous silicon layer serving as a floating
gate electrode on one major surface of a semiconductor
substrate; selectively etchung the silicon layer, the tunnel
insulating film, and the semiconductor substrate using a
mask having a pattern corresponding to an element 1solation
trench so as to form the element i1solation trench; forming a
nitride film on a sidewall surface of the silicon layer exposed
into the element 1solation trench and burying an element
isolation insulating film 1n the element 1solation trench;
stacking an electrode insulating film and a conductive film
serving as a control gate electrode on the element 1solation
insulating film and silicon layer; and selectively etching the
conductive film, the electrode insulating film, and the silicon
layer using a mask having a pattern corresponding to the
control gate electrode so as to form the control gate electrode
and floating gate electrode.

According to still another aspect of the present invention,
there 1s provided a method of manufacturing a semiconduc-
tor device having a nonvolatile semiconductor memory
clement with a two-layered gate structure, comprising the
steps of: forming a tunnel insulating film and one of a
polysilicon layer and an amorphous silicon layer serving as
a floating gate electrode on one major surface of a semi-
conductor substrate; selectively etching the silicon layer, the
tunnel insulating film, and the semiconductor substrate using,
a mask having a pattern corresponding to an element 1sola-
tion trench so as to form the element isolation trench;
forming a nitride film on a sidewall surface of the silicon
layer exposed into the element 1solation trench and burying
an element 1solation insulating film 1n the element 1solation
trench; stacking an electrode insulating film and a conduc-
tive fllm serving as a control gate electrode on the element
1solation 1nsulating film and silicon layer; selectively etching
the conductive film, the electrode isulating film, and the
silicon layer using a mask having a pattern corresponding to
the control gate electrode so as to form the control gate
clectrode and tloating gate electrode; and forming a silicon
oxide film, 1n an atmosphere contaiming radical oxygen, on
the sidewall surface of the floating gate electrode newly
formed 1n the gate process.

According to still another aspect of the present invention,
there 1s provided a method of manufacturing a semiconduc-
tor device having a transistor element, comprising: forming
an element 1solation trench on one major surface side of a
semiconductor substrate to surround an element formation
region; burying a coating film containing nitrogen in the
clement 1solation trench; converting the coating film 1nto a
first si1licon oxide film to form an element 1solation 1nsulat-
ing film and nitriding substrate silicon on a sidewall surface
of the element 1solation trench; and forming a second silicon
oxide film on a substrate surface 1n the element formation
region 1n an atmosphere containing radical oxygen.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIGS. 1A and 1B are schematic views showing compari-
son between an embodiment and a prior art so as to explain
a sectional structure obtained by cutting a nonvolatile semi-
conductor memory element along a plane including a float-
ing gate electrode;

FIGS. 2A to 2F are sectional views taken along the
direction of channel length and showing steps 1n manufac-
turing a nonvolatile semiconductor memory element accord-
ing to the first embodiment;

FIGS. 3A to 3F are sectional views taken along the
direction of channel width and showing steps 1n manufac-
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turing the nonvolatile semiconductor memory element
according to the first embodiment;

FIG. 4 1s a sectional view showing a modification to the
first embodiment;

FIGS. SA to 5C are sectional views showing another
modification of the first embodiment;

FIGS. 6A to 6D are sectional views showing steps in
manufacturing a nonvolatile semiconductor memory e¢le-
ment according to the second embodiment;

FIGS. 7A to 7F are sectional views taken along the
direction of channel length and showing steps 1n manufac-
turing a nonvolatile semiconductor memory element accord-
ing to the third embodiment;

FIGS. 8A to 8F are sectional views taken along the
direction of channel width and showing steps 1n manufac-
turing the nonvolatile semiconductor memory element
according to the third embodiment;

FIGS. 9A and 9B are schematic views showing compari-
son between radical oxidation and normal oxidation so as to
explain a sectional structure obtained by cutting a nonvola-
tile semiconductor memory element along a plane including
a floating gate electrode;

FIGS. 10A to 10E are sectional views showing steps 1n
manufacturing a transistor element according to the fourth
embodiment;

FIG. 11 1s an enlarged sectional view showing the comner
portion of the element formation region of the transistor
clement according to the fourth embodiment; and

FIGS. 12A to 12C are views for explaining a problem
posed when gate oxidation 1s executed by normal thermal
oxidation in the fourth embodiment.

DETAILED DESCRIPTION OF TH.
INVENTION

(L]

Details of the present invention will be described below 1n
accordance with 1llustrated embodiments.

First Embodiment

FIG. 1A 1s a view showing the sectional structure of a
memory element formed by the first embodiment, which 1s
taken along a plane including the lower layer portion of a
floating gate electrode. Referring to FIG. 1A, reference
numeral 11 denotes an element 1solation region; 12, a
floating gate electrode; 14, a source region; and 135, a drain
region.

In this embodiment, sidewall nitride layers 13 are formed
on at least part of the floating gate electrode sidewall
surfaces before the silicon crystal grain of the floating gate
clectrode 12 grows, as shown in FIG. 1A. With this process,
growth of the silicon crystal grain 1s suppressed, and the
variation 1n fimished shape between elements 1s largely
reduced.

Normally, 1t 1s necessary to form electrode sidewall oxide
films on the sidewall surfaces on the source/drain diflusion
layer sides. Hence, 1t 1s preferable to form sidewall nitride
layers on the sidewall surfaces on the element 1solation
sides. The sidewall nitride layer can be formed from an
arbitrary nitride that hardly deforms and passes an oxidant.
Silicon nitride 1s most preferable because 1t 1s easy to form
and has little bad influence on a tunnel nsulating film.

FIG. 1B shows a sectional structure of a memory element
formed by a prior art for comparison, which 1s taken along
a plane including the lower layer portion of a floating gate
clectrode. The silicon crystal grain grows 1n a high-tempera-
ture process such as thermal oxidation in forming an elec-
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trode sidewall oxide film. For this reason, the finished shape
of the floating gate electrode 12 1s different from the
rectangular shape immediately after the process. Since the
finished shape changes between elements, the memory char-
acteristic such as the threshold value after write/erase opera-
tion varies between the elements.

A method of manufacturing the nonvolatile semiconduc-
tor memory element according to this embodiment will be
described below with reference to FIGS. 2A to 2F and 3A to
3F. FIGS. 2A to 2F show a section taken along the direction
of channel length, and FIGS. 3A to 3F show a section taken
along the direction of channel width. FIGS. 2A to 2F
correspond to FIGS. 3A to 3F, respectively. FIGS. 2A to 2F
and 3A to 3F show only one memory element. In fact, a
number of memory elements are simultaneously formed to
constitute a semiconductor memory.

First, as shown 1n FIGS. 2A and 3A, a 10-nm thick tunnel
insulating film 102 1s formed by thermal oxidation on the
surface ol a silicon substrate 101 doped with a desired
impurity. Subsequently, a 30-nm thick polysilicon layer 103
serving as the lower layer portion of a floating gate elec-
trode, a S0-nm thick silicon mitride film 104 serving as a
stopper for CMP, and a 200-nm thick silicon oxide film 105
serving as a mask for RIE are sequentially deposited by low
pressure CVD.

The silicon oxide film 105, silicon nitride film 104,
polysilicon layer 103, and tunnel insulating film 102 are
sequentially etched by RIE using a resist mask (not shown)
having a pattern corresponding to an element 1solation
trench. The exposed region of the silicon substrate 101 1s

also etched to form a 200-nm deep element 1solation trench
106.

As shown 1n FIGS. 2B and 3B, a 5-nm thick silicon oxide
film 107 1s formed on the exposed surface of the silicon
substrate 101 and that of the polysilicon layer 103 by
thermal oxidation. Thermal nitriding 1s performed 1n a
nitrogen monoxide atmosphere at 900° C. to form silicon
nitride films 108 on the interface between the silicon sub-
strate and the silicon oxide film and the interface between
the polysilicon layer and the silicon oxide film. The nitrogen

content of the silicon nitride film 108 is about 1x10%° ¢cm™=.

The silicon nitride film 108 need not always be formed
through the oxide film. More specifically, as shown 1n FIG.
4, formation of the silicon oxide film 107 may be omitted,
and the silicon surface exposed into the element 1solation
trench 106 may be directly thermally nitrided.

As shown 1n FIGS. 2C and 3C, a 400-nm thick silicon

oxide film 109 for element 1solation 1s deposited on the
entire surface of the element by plasma CVD to fully fill the
element 1solation trench 106. After that, the silicon oxide
f1lm 109 of the surface portion and the silicon oxide film 1035
for the mask are removed by CMP to planarize the surface.

As shown 1n FIGS. 2D and 3D, after the exposed silicon
nitride film 104 1s etched using phosphoric acid solution, a
50-nm thick polysilicon layer 111 serving as the upper layer
portion of the floating gate electrode 1s deposited by low
pressure CVD. After that, the polysilicon layer 111 1s etched
by RIE using a resist mask (not shown) to form slit portions
112 which separate adjacent tloating gate electrodes.

As shown 1n FIGS. 2E and 3E, a silicon oxide film, silicon
nitride film, and silicon oxide film are sequentially deposited
on the entire surface by low pressure CVD to form a 15-nm
thick electrode insulating film 113 having a three-layered
structure. After that, a polysilicon layer and tungsten silicide
layer are sequentially deposited by low pressure CVD to
form a 100-nm thick conductive layer 114 having a two-
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layered structure serving as a control gate electrode. Then,
a 100-nm thick silicon nitride film 1135 1s deposited by low
pressure CVD.

After that, the silicon mitride film 113, conductive layer
114, clectrode msulating film 113, polysilicon layer 111,
polysilicon layer 103, and tunnel insulating film 102 are
sequentially etched by RIE using a resist mask (not shown)
corresponding to the control gate pattern to form slit por-
tions 116 in the direction of word line. Accordingly, the

shapes of a control gate electrode 117 and floating gate
clectrode 118 are defined.

As shown 1n FIGS. 2F and 3F, a 10-nm thick silicon oxide
f1lm 1s formed on the exposed surface by low pressure CVD.
After that, oxygen radical oxidation 1s performed at 800° C.
and 1 kPa for 30 min using a remote plasma method to form
a silicon oxide film 119 called an electrode sidewall oxide
film. The electrode sidewall oxide film 119 has a thickness
of 12 nm on the sidewall of the floating gate electrode 118.
Then, 1on implantation 1s performed to form source/drain
diffusion layers 120. A BPSG film 121 that serves as an
interlayer dielectric film and covers the entire surface 1is
formed by low pressure CVD. An mterconnection layer and
the like are formed by a known method, thereby completing
a nonvolatile semiconductor memory element.

According to this embodiment, the nitride films 108 are
formed 1n advance on the sidewall surfaces on the element
1solation nsulating film sides of the polysilicon layer 103
serving as a tloating gate electrode. Accordingly, the silicon
crystal grain can be prevented from spreading to the element
1solation region sides in annealing aiter the floating gate
clectrode process. At the boundary to the element 1solation
region, the floating gate electrode 118 maintains the shape
immediately after the gate process. For this reason, any
variation 1n shape (area) of the floating gate electrode 118
between diflerent elements can be suppressed. Any variation
in memory characteristic between elements due to growth of
silicon crystal grain in steps 1n manufacturing a semicon-

ductor memory device can be prevented. Hence, the manu-
facturing vield can be increased.

In this embodiment, the silicon nitride film 108 1s formed
by thermal nitriding using nitrogen monoxide gas. However,
any other mitriding gas may be used. Alternatively, the
silicon nitride film 108 may be formed by any other means
such as plasma nitriding.

In this embodiment, the silicon nitride film 108 1s formed
not only on each sidewall surface of the floating gate
clectrode 12 but also on the surface of the silicon substrate
101 exposed into the element 1solation trench 106. This 1s
not preferable because 1t causes a disadvantage such as an
increase 1n junction leakage. To avoid such a disadvantage,
the silicon nitride film 108 1s formed only on each side
surface of the silicon layer 103, as shown 1n FIGS. 5A to 5C.

This method will be described 1n more detail. First, as
shown 1n FIG. 5A, a structure with the element 1solation
trench 106 1s formed using the same method as described
above. Next, as shown 1n FIG. 5B, after the element 1solation
trench 106 1s filled with the silicon oxide film 109 for
clement 1solation, the surface i1s planarnized by CMP. As
shown 1n FIG. 5C, the silicon oxide film 109 for element
isolation 1s partially etched using diluted hydrofluoric acid
solution to expose the sidewall surfaces of the floating gate
electrode. Then, the silicon nitride films 108 are formed on
the side surfaces of the polysilicon layer 103 by a means
such as thermal nitriding.




Us 7,060,559 B2

7

Second Embodiment

FIGS. 6A to 6D are sectional views showing steps in
manufacturing a nonvolatile semiconductor memory e¢le-
ment according to the second embodiment. FIGS. 6 A to 6D
show a section 1n the direction of channel width, like FIGS.
3A to 3F. In this embodiment, the state shown 1n FIG. 1A 1s
realized by a simpler manufacturing step than in the first
embodiment.

First, as shown 1n FIG. 6A, a 10-nm thick tunnel 1nsu-
lating film 202 1s formed by thermal oxidation on the surface
of a silicon substrate 201 doped with a desired 1impurity.
Then, a 30-nm thick polysilicon layer 203 serving as the
lower layer portion of a floating gate electrode, a 50-nm
thick silicon nitride film 204 serving as a stopper for CMP,
and a 200-nm thick silicon oxide film 205 serving as a mask
tor RIE are sequentially deposited by low pressure CVD.
The silicon oxide film 205, silicon nitride film 204, poly-
silicon layer 203, and tunnel insulating film 202 are sequen-
tially etched by RIE using a resist mask (not shown) having,
a pattern corresponding to an element 1solation trench. The
exposed region of the silicon substrate 201 1s also partially
ctched to form a 200-nm deep element 1solation trench 206.

As shown 1n FIG. 6B, a 5-nm thick silicon oxide film 207
1s formed on the silicon surface exposed into the element
isolation trench 206 by thermal oxidation. After that, a
perhydrogenated silazane polymer ((S1iH,NH), ) 208 serving
as an 1nsulating film for element 1solation 1s applied to the
entire surface to completely {ill the element i1solation trench

206.

As shown 1n FIG. 6C, annealing 1s performed in a water
vapor atmosphere at 800° C. to convert the perhydrogenated
silazane polymer 208 1nto a silicon oxide film 210. Ammo-
nia 1s generated 1n this conversion reaction. Hence, silicon
nitride films 209 are formed on the interface between the
s1licon substrate 201 and the silicon oxide film 207 and the
interface between the polysilicon layer 203 and the silicon

oxide film 207. The nitrogen content of the silicon nitride
film 209 is about 3x10™* cm™>.

After that, the silicon oxide film 210 of the surface portion
and the silicon oxide film 205 for the mask are removed by
CMP to planarize the structure surface. Then, a memory
clement 1s completed by the same method as in the prior art.

According to this embodiment, the same etlect as 1n the
first embodiment described above can be obtained. In addi-
tion, when the silazane polymer 208 1s used as an element
1solation insulating film, any increase i number of manu-
facturing steps for forming the silicon nitride film 209 can be
prevented.

In this embodiment, the perhydrogenated silazane poly-
mer 208 1s applied to fill the element 1solation trench 206.
Instead, any other silazane polymer may be used. A coating
film containing nitrogen can provide the same eflect as
described above. In this embodiment, the perhydrogenated
silazane polymer 208 1s applied after formation of the silicon
oxide film 207. However, the perhydrogenated silazane
polymer 208 may directly be applied into the element
isolation trench 206 without forming the silicon oxide film

207.

In this embodiment, the silicon nitride film 209 1s formed
not only on each sidewall surface of the floating gate
clectrode but also on the surface of the silicon substrate 201
exposed 1nto the element 1solation trench 206. This 1s not
preferable because it causes a disadvantage such as an
increase 1n junction leakage, as described above. The nitro-
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gen concentration on the sidewall surface of the floating gate
clectrode 1s preferably higher than that on the silicon sub-
strate surface.

To realize this, hydrofluoric acid or the like, which
increases the speed of nitriding reaction, 1s doped into the
polysilicon layer 203 serving as a floating gate electrode in
advance. Any other technmique for changing the nitriding
speed between the silicon substrate 201 and the polysilicon
layer 203 1s employed. It 1s known that the concentration of
supplied nitrogen decreases 1n ammonic nitriding through a
thick oxide film. Hence, the oxidation speed may be changed
between the silicon substrate 201 and the polysilicon layer
203 by doping an impurity such as boron or phosphorus that
increases the speed of oxidation reaction into the silicon
substrate 201.

Third Embodiment

FIGS. 7A to 7F and 8A to 8F are sectional views showing,
steps 1n manufacturing a nonvolatile semiconductor memory
clement according to the third embodiment. FIGS. 7A to 7F
show a section taken along the direction of channel length,
and FIGS. 8A to 8F show a section taken along the direction
of channel width.

In this embodiment, the dielectric breakdown voltage of
a nonvolatile memory element manufactured by the method
of the first or second embodiment i1s raised to further
increase the yield of memory devices.

First, as shown 1n FIGS. 7A and 8A, a 10-nm thick tunnel
insulating film 302 1s formed by thermal oxynitriding on the
surface of a silicon substrate 301 doped with a desired
impurity. Subsequently, a 30-nm thick polysilicon layer 303
serving as the lower layer portion of a floating gate elec-
trode, a 50-nm thick silicon mitride film 304 serving as a
stopper for CMP, and a 200-nm thick silicon oxide film 305
serving as a mask for RIE are sequentially deposited by low
pressure CVD.

The silicon oxide film 305, silicon nitride film 304,
polysilicon layer 303, and tunnel insulating film 302 are
sequentially etched by RIE using a resist mask (not shown)
having a pattern corresponding to an element 1solation
trench. The exposed region of the silicon substrate 301 1s
also etched to form a 200-nm deep element 1solation trench
306. Next, a 5-nm thick silicon oxide film 307 1s formed on
the exposed silicon surface by thermal oxidation.

As shown m FIGS. 7B and 8B, a perhydrogenated sila-
zane polymer 308 serving as an insulating film for element
1solation 1s applied to the entire surface to completely fill the
clement 1solation trench 306. After that, annealing 1s per-
formed 1n an atmosphere containing water vapor at 800° C.
to convert the perhydrogenated silazane polymer 308 into a
silicon oxide film 310. Ammoma 1s generated in this con-
version reaction. Hence, silicon nitride films 309 are formed
on the interface between the silicon substrate 301 and the
silicon oxide film 307 and the interface between the poly-
s1licon layer 303 and the silicon oxide film 307. The nitrogen
content of the silicon nitride film is about 3x10™* cm™~.

As shown 1n FIGS. 7C and 8C, the silicon oxide film 310
ol the surface portion and the silicon oxide film 303 for the
mask are removed by CMP to planarize the structure surface.
At this time, the silicon nitride film 304 serving as a stopper
for CMP 1s exposed.

As shown 1 FIGS. 7D and 8D, after the exposed silicon
nitride film 304 1s etched using phosphoric acid solution, a
50-nm thick polysilicon layer 311 serving as the upper layer
portion of the floating gate electrode 1s deposited by low
pressure CVD. After that, the polysilicon layer 311 1s etched
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by RIE using a resist mask (not shown) to form slit portions
312 which separate adjacent tloating gate electrodes.

As shown 1n FIGS. 7E and 8E, a silicon oxide film, silicon
nitride film, and silicon oxide film are sequentially deposited
on the entire surface by low pressure CVD to form a 15-nm
thick electrode insulating film 313 having a three-layered
structure. After that, a polysilicon layer and tungsten silicide
layer are sequentially deposited by low pressure CVD to
form a 100-nm thick conductive layer 314 having a two-
layered structure serving as a control gate electrode. Then,
a 100-nm thick silicon nitride film 315 1s deposited by low
pressure CVD.

After that, the silicon nitride film 3135, conductive layer
314, clectrode insulating film 313, polysilicon layer 311,
polysilicon layer 303, and tunnel insulating film 302 are
sequentially etched by RIE using a resist mask (not shown)
corresponding to the control gate pattern to form slit por-
tions 316 in the direction of word line. Accordingly, the
shapes of a control gate electrode 317 and floating gate
clectrode 318 are defined.

As shown 1n FIGS. 7F and 8F, a 10-nm thick silicon oxide
f1lm 1s formed on the exposed surface by low pressure CVD.
After that, oxygen radical oxidation 1s performed at 800° C.
and 1 kPa for 30 min using a remote plasma method to form
a silicon oxide film 319 called an electrode sidewall oxide
film. The electrode sidewall oxide film 319 has a thickness
of 12 nm on the sidewall of the floating gate electrode. Then,
ion 1implantation 1s performed to form source/drain diffusion
layers 320. A BPSG film 321 that serves as an interlayer
dielectric film and covers the entire surface 1s formed by low
pressure CVD. An interconnection layer and the like are
formed by a known method, thereby completing a nonvola-
tile semiconductor memory element.

FIG. 9A shows a sectional structure (section taken along
B-B'1in FIGS. 7F and 8F) taken along a plane including the
lower layer portion of the floating gate electrode of the
memory element formed by the above-described method.
Referring to FIG. 9A, reference numeral 11 denotes an
clement 1solation region (308); 12, a floating gate electrode
(303); 13, a sidewall nitride layer (309); 14, a source region
(320); 15, adrain region (320); and 16, an electrode sidewall
oxide film (319).

The nitride layers 13 are formed on the sidewalls on the
clement 1solation sides of the floating gate electrode 12. The
clectrode sidewall oxide films 16 are formed on the side-
walls on the source/drain region sides. In this embodiment,
the electrode sidewall oxide films 16 are not thun at the
corner portions of the floating gate electrode 12. Hence, the
dielectric breakdown voltage between the tloating gate elec-
trode 12 and the source and drain regions 14 and 13 rises so
that the yield of memory devices increases. This eflect 1s
obtained by forming the electrode sidewall oxide film 16 by
oxygen radical oxidation. That 1s, since the speed of oxida-
tion of silicon almost equals that of the silicon nitride film
in oxygen radical oxidation, the nitrided comer portions do
not become thin.

FIG. 9B shows a sectional structure when the electrode
sidewall oxide film 16 1s formed by conventional thermal
oxidation using oxygen gas or water vapor as an oxidant.
Since the oxidation speed 1s low at the nitrided corner
portions of the floating gate electrode, the corner portions
become thin. For this reason, the dielectric breakdown
voltage between the floating gate electrode 12 and the source
and drain regions 14 and 15 drops so that the yield of
memory devices decreases.

According to this embodiment, the nitride film 309 1s
formed 1n advance on each of the sidewall surfaces on the
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clement 1solation insulating film sides of the polysilicon
layer 303 serving as a floating gate electrode. Hence, the
variation in shape (area) of the floating gate electrode
between diflerent elements can be suppressed, and the
variation in memory characteristic between the elements can
be prevented, as in the first embodiment. In addition, the
following eflect 1s also obtained. Since oxidation using
oxygen radical 1s performed to form the electrode sidewall
oxide film, the floating gate electrode can be made suil-
ciently thick on the element 1solation 1nsulating film sides.
For this reason, the dielectric breakdown voltage between
the tloating gate electrode and the source/drain diffusion
layers can be prevented from decreasing. Hence, the dielec-
tric breakdown voltage of the nonvolatile semiconductor
memory element can be raised, and the yield of memory
devices can be further increased.

In this embodiment, the electrode sidewall oxide film 1s
formed by oxygen radical oxidation of a remote plasma
method. Oxidation may be performed 1n any atmosphere
containing oxygen radicals as an oxidation species. For
example, ozone oxidation may be used. Alternatively, oxy-
gen radicals may be generated by supplying oxygen gas and
hydrogen gas and heating. In this embodiment, oxygen
radical oxidation 1s performed through a silicon oxide film
formed by low pressure CVD. However, oxygen radical
oxidation may be directly performed, and any other combi-
nations may be used.

Fourth Embodiment

FIGS. 10A to 10E are sectional views showing steps in
manufacturing a transistor element according to the fourth
embodiment. In this embodiment, the dielectric breakdown
voltage of a transistor element having an element 1solation
region formed using filling of silazane polymer 1s raised to
increase the yield of semiconductor devices.

First, as shown 1n FIG. 10A, a 10-nm thick silicon oxide
f1lm 402 called a pad oxide film 1s formed on the surface of
a silicon substrate 401 by thermal oxidation. Subsequently,
a 50-nm thick silicon nitride film 403 serving as a stopper for
CMP 1s deposited by low pressure CVD. The silicon nitride
film 403 and silicon oxide film 402 are sequentially etched
by RIE using a resist mask (not shown). In addition, the
exposed region of the silicon substrate 401 1s etched to form
a 200-nm deep element 1solation trench 404.

As shown 1n FIG. 10B, a 5-nm thick silicon oxide film
405 1s formed on the exposed silicon surface by thermal
oxidation. A perhydrogenated silazane polymer 406 serving
as an msulating film for element i1solation 1s applied to the
entire surface to completely {ill the element isolation trench
404. After that, annealing i1s performed 1n a water vapor
atmosphere at 800° C. to convert the perhydrogenated
silazane polymer 406 1nto a silicon oxide film 407.

As shown 1n FIG. 10C, the silicon oxide film 407 of the
surface portion 1s removed by CMP to planarize the structure
surface. At this time, the silicon nitride film 403 serving as
a stopper for CMP 1s exposed.

As shown 1 FIG. 10D, the exposed silicon nitride film
403 1s etched using phosphoric acid solution. Then, the pad
oxide film 402 1s etched using diluted hydrofluoric acid
solution to expose a silicon substrate surface 408. At this
time, the surface of the element 1solation oxide film 407 1s
also etched and retreats by 20 nm.

As shown 1 FIG. 10E, the exposed silicon substrate
surface 1s oxidized 1n an oxygen atmosphere containing 10%
ozone at 800° C. and 100 Pa for 30 min to form a gate oxide

film 409.
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A gate electrode, source/drain diffusion layers, intercon-
nection layer, and the like are formed by the same method
as 1 the prior art, thereby completing a transistor element.

The gate oxide film 409 of the transistor formed 1n this
embodiment has a higher dielectric breakdown voltage than
that formed by conventional thermal oxidation using oxygen
gas or water vapor as an oxidant. Hence, the yield of
semiconductor devices largely increases.

The reason why the dielectric breakdown voltage 1s low
in the conventional oxidation method was inspected. A gate
oxide film 419 became thinner at an element 1solation end
portion 415, as shown in FIG. 12C. This decrease in
thickness occurs due to the following mechanism. When the
perhydrogenated silazane polymer 406 with which the ele-
ment 1solation trench 1s filled 1s converted 1nto the silicon
oxide film 407, ammonia gas (NH,) 1s generated to form a
nitride layer 410 on the silicon substrate surface. For this
reason, 1n etching using diluted hydrofluoric acid solution
immediately before formation of the gate oxide film, the pad
oxide film 402 on the silicon substrate and the thermal oxide
film 405 on the side portions of the silicon substrate are
removed, as shown 1n FIG. 12B, so the nitride layer 410 1s
partially exposed. Hence, in the conventional gate oxidation
method, the exposed portion of the nitride layer 410
becomes thin to form the thin region 415, as shown 1n FIG.
12C.

On the other hand, for the gate oxide film 409 formed in
this embodiment, the decrease 1n thickness at the element
1solation end portion 1s suppressed, as shown in FIG. 11.
This 1s because the exposed portion of the nitride layer 410
1s sufliciently oxidized because oxidation using oxygen
radicals 1s performed.

According to this embodiment, even when the gate oxide
f1lm 409 1s used as an insulating film that fills the element
isolation trench, any local decrease 1n thickness of the gate
oxide film 409 can prevented. Hence, the yield of devices
can be increased. In addition, since the dielectric breakdown
voltage 1s increased by preventing the local decrease in
thickness of the gate oxide film 409, a suflicient element
1solation capability can be realized.

In this embodiment, the perhydrogenated silazane poly-
mer 406 1s use to fill the element 1solation trench 404. Any
other silazane polymer may be used. The same eflect as
described above can be obtained even using any other
coating {ilm containing nitrogen. In this embodiment, the
gate oxide film 409 1s formed by ozone oxidation. Instead,
oxidation may be executed 1n any other atmosphere con-
taining oxygen radicals as an oxidation species. Oxygen
radical oxidation of a remote plasma method or other
method may be used. Oxygen radicals may be generated by
supplying oxygen gas and hydrogen gas and heating.

In this embodiment, the silicon oxide film 409 formed by
oxygen radical oxidation 1s directly used as a gate oxide
film. However, the silicon oxide film may be converted into
an oxynitride film by doping mitrogen by thermal nitriding
using nitrogen monoxide gas or radical nitriding using
nitrogen radicals. An element except nitrogen may be doped
into the gate oxide film 409. Another 1nsulating film such as
a high-k dielectric film may be formed on these films to
make a multilayered structure.

The present mvention 1s not limited to the above-de-
scribed embodiments, and various changes and modifica-
tions can be made within the spirit and scope of the
invention.

Additional advantages and modifications will readily
occur to those skilled 1n the art. Therefore, the invention in
its broader aspects 1s not limited to the specific details and
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representative embodiments shown and described herein.
Accordingly, various modifications may be made without
departing from the spirit or scope of the general inventive
concept as defined by the appended claims and their equiva-
lents.

What 1s claimed 1is:

1. A method of manufacturing a semiconductor device
having a nonvolatile semiconductor memory element with a
two-layered gate structure, comprising the steps of:

forming a tunnel insulating film and one of a polysilicon

layer and an amorphous silicon layer serving as a
floating gate electrode on one major surface of a
semiconductor substrate;

selectively etching the one of the polysilicon layer and the

amorphous silicon layer, the tunnel isulating film, and
the semiconductor substrate using a mask having a
pattern corresponding to an element 1solation trench so
as to form the element 1solation trench:

forming a nitride film on a first sidewall surface, perpen-

dicular to a channel width direction of the floating gate
clectrode, of the one of the polysilicon layer and the
amorphous silicon layer exposed into the element 1s0-
lation trench and burying an element 1solation insulat-
ing film 1n the element 1solation trench;

stacking an electrode insulating film and a conductive film

serving as a control gate electrode on the element
1solation 1nsulating film and the one of the polysilicon
layer and the amorphous silicon layer;

selectively etching the conductive film, the electrode

insulating {ilm, and the one of the polysilicon layer and
the amorphous silicon layer using a mask having a
pattern corresponding to the control gate electrode so as
to form the control gate electrode and floating gate
electrode; and

forming a silicon oxide film on a second sidewall surface

perpendicular to a channel length direction of the
floating gate electrode, 1n an atmosphere containing
radical oxygen, so that a thickness 1n the channel length
direction of the silicon oxide film 1s greater at a portion
on an element isolation insulating film end of the
second sidewall surface than at a center portion of the
second sidewall surface.

2. A method according to claim 1, wherein

to form the nitride film on the first sidewall surface of the

one of the polysilicon layer and the amorphous silicon
layer and bury the element 1solation 1nsulating film 1n
the element 1solation trench,

aiter the first sidewall surface of the one of the polysilicon

layer and the amorphous silicon layer 1s mitrided, the
clement 1solation insulating film 1s buried in the ele-
ment 1solation trench.

3. A method according to claim 2, wherein before nitrid-
ing the first sidewall surface of the one of the polysilicon
layer and the amorphous silicon layer, an oxide film 1s
formed on the first sidewall surface of the one of the
polysilicon layer and the amorphous silicon layer.

4. A method according to claim 1, wherein to form the
nitride film on the first sidewall surface of the one of the
polysilicon layer and the amorphous silicon layer and bury
the element 1solation 1nsulating film 1n the element 1solation
trench,

alter a coating film containing mitrogen 1s buried in the

clement 1solation trench, the coating film 1s annealed to
convert the coating film 1nto a silicon oxide film and
nitride the first sidewall surtace of the one of the
polysilicon layer and the amorphous silicon layer.
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5. A method according to claim 4, wherein before nitrid-
ing the first sidewall surface of the one of the polysilicon
layer and the amorphous silicon layer, an oxide film 1s
formed on the first sidewall surface of the one of the
polysilicon layer and the amorphous silicon layer.

6. A method according to claim 4, wherein a silazane
polymer 1s used as the coating film.

7. A method according to claim 1, wherein a nitrogen
concentration on the first sidewall surface of the one of the
polysilicon layer and the amorphous silicon layer 1s higher
than that 1n a sidewall of the semiconductor substrate.

8. A method according to claim 1, wherein the forming
one of the polysilicon layer and the amorphous silicon layer
to have a two-layered structure as the floating gate electrode,
includes forming a first layer on the tunnel insulating film,
and forming a second layer on the first silicon layer and
clement 1solation msulating film after the element 1solation
isulating film 1s buried.

9. A method of manufacturing a semiconductor device
having a transistor element, comprising:

forming an element 1solation trench on one major surface

side of a semiconductor substrate to surround an ele-
ment formation region;

burying a coating film containing nitrogen in the element

1solation trench:;

converting the coating film 1nto a first silicon oxide film

to form an element 1solation insulating film and a first
silicon nitride film by mnitriding the semiconductor
substrate on a sidewall surface of the element 1solation
trench and to form a second silicon nitride film on a
portion of a sidewall surface of the element formation
region; and

forming a second silicon oxide film on a surface of the

semiconductor substrate 1 the element formation
region 1n an atmosphere containing radical oxygen after
forming the first and second nitride films.

10. A method according to claim 9, wherein the second
s1licon oxide film 1s used as one of a gate isulating film and
part of the gate mnsulating film.

11. A method according to claim 9, wherein the coating
film 1s made of silazane polymer.

12. A method according to claim 9, wherein the coating
film 1s buried 1n the element 1solation trench after a thermal
oxide film 1s formed on the sidewall surface of the element
1solation trench.

13. A method of manufacturing a semiconductor device
having a nonvolatile semiconductor memory element with a
two-layered gate structure, comprising:

stacking a tunnel 1nsulating film and one of a polysilicon

layer and an amorphous silicon layer serving as a
floating gate electrode on one major surface of a
semiconductor substrate:

selectively etching the one of the polysilicon layer and the

amorphous silicon layer, the tunnel insulating film, and
the semiconductor substrate using a mask having a
pattern corresponding to an element 1solation trench so
as to form the element 1solation trench;
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forming a nitride film on a sidewall surface of the one of
the polysilicon layer and the amorphous silicon layer
exposed 1nto the element 1solation trench and burying
an element 1solation insulating film 1 the element
1solation trench;
stacking an electrode insulating film and a conductive film
serving as a control gate electrode on the element
1solation 1nsulating film and the one of the polysilicon
layer and the amorphous silicon layer; and

selectively etching the conductive film, the electrode
insulating {ilm, and the one of the polysilicon layer and
the amorphous silicon layer using a mask having a
pattern corresponding to the control gate electrode so as
to form the control gate electrode and floating gate
electrode;

wherein forming the nitride {ilm on the sidewall surface of

the one of the polysilicon layer and the amorphous
silicon layer and burying the element 1solation nsulat-
ing {ilm 1n the element 1solation trench includes,

alter a coating film containing mitrogen 1s buried in the

clement 1solation trench, annealing the coating film to
convert the coating film 1nto a silicon oxide film and
nitride the sidewall surface of the one of the polysilicon
layer and the amorphous silicon layer.

14. A method of manufacturing a semiconductor device
having a nonvolatile semiconductor memory element with a
two-layered gate structure, comprising:

stacking a tunnel 1nsulating film and one of a polysilicon

layer and an amorphous silicon layer serving as a
floating gate electrode on one major surface of a
semiconductor substrate:
selectively etching the one of the polysilicon layer and the
amorphous silicon layer, the tunnel isulating {ilm, and
the semiconductor substrate using a mask having a
pattern corresponding to an element 1solation trench so
as to form the element 1solation trench:
forming a nitride {ilm on a sidewall surface of the one of
the polysilicon layer and the amorphous silicon layer
exposed 1nto the element 1solation trench and burying
an element 1solation insulating film 1 the element
1solation trench:;
stacking an electrode insulating film and a conductive film
serving as a control gate electrode on the element
1solation insulating film and the one of the polysilicon
layer and the amorphous silicon silicon layer; and

selectively etching the conductive film, the electrode
insulating {ilm, and the one of the polysilicon layer and
the amorphous silicon layer using a mask having a
pattern corresponding to the control gate electrode so as
to form the control gate electrode and floating gate
electrode:

wherein a nitrogen concentration in the sidewall of the

one of the polysilicon layer and the amorphous silicon
layer 1s higher than that 1n a sidewall of the semicon-
ductor substrate.



	Front Page
	Drawings
	Specification
	Claims

